Connector enhancer of Ksr (CNK) is a conserved multidomain protein essential for Ras signaling in Drosophila melanogaster and thought to be involved in Raf kinase activation. However, the precise role of CNK in Ras signaling is not known, and mammalian CNKs are proposed to have distinct functions. Caenorhabditis elegans has a single CNK homologue, cnk-1. Here, we describe the role of cnk-1 in C. elegans Ras signaling and its requirements for LIN-45 Raf activation. We find that cnk-1 positively regulates multiple Ras signaling events during development, but, unlike Drosophila CNK, cnk-1 does not appear to be essential for signaling. cnk-1 mutants appear to be normal but show cell-type-specific genetic interactions with mutations in two other Ras pathway scaffolds͞adaptors ksr-1 and sur-8. Genetic epistasis using various activated LIN-45 Raf transgenes shows that CNK-1 promotes LIN-45 Raf activation at a step between the dephosphorylation of inhibitory sites in the regulatory domain and activating phosphorylation in the kinase domain. Our data are consistent with a model in which CNK promotes Raf phosphorylation͞activation through membrane localization, oligomerization, or association with an activating kinase.
R
as signaling through the Raf͞mitogen-activated protein kinase kinase (MEK)͞extracellular signal-regulated kinase (ERK) kinase cascade is highly conserved and is required repeatedly during development. Aberrant signaling can lead to cancer, and mutations in Ras and B-Raf are commonly found in human tumors (1, 2) . The Ras GTPase is a peripheral membrane protein that, when active (GTP bound), recruits the Raf kinase to the membrane, where they can physically interact, resulting in Raf activation (3, 4) . In the absence of signal, Raf kinase is held in an inactive state in the cytoplasm. It is known that Raf requires membrane localization, Ras binding, and changes in phosphorylation and oligomerization to become active (3) (4) (5) . However, it is not known how Ras activation leads to the recruitment of Raf or how Raf phosphorylation and activation occurs.
Genetic screens in Drosophila and Caenorhabditis elegans have identified a number of genes that act genetically between Ras and Raf and may play a role in Raf activation. Drosophila kinase suppressor of Ras (KSR) and C. elegans ksr-1 and ksr-2 encode Raf-related proteins that act as scaffolds for Raf, MEK, and ERK (6) (7) (8) (9) . KSR constitutively associates with MEK and appears to transiently associate with Raf and ERK upon signaling (10) . KSR links Raf to its substrate MEK but could play an additional role in Raf activation (11) (12) (13) (14) . C. elegans sur-6 encodes a B-regulatory subunit of the protein phosphatase 2A (PP2A) holoenzyme, thought to function with KSR (15) (16) (17) , and sur-8 encodes a leucine-rich repeat protein that binds Ras and may facilitate interactions between Ras and Raf (18) (19) (20) . KSR is essential for Ras signaling in both C. elegans and Drosophila, whereas SUR-6 and SUR-8 are accessory proteins that facilitate, but are not absolutely essential for, signaling.
Drosophila connector enhancer of Ksr (CNK) acts genetically between Ras and Raf and is required for Raf activation in Drosophila S2 cells (14, 21) . cnk-null mutants are cell-lethal, suggesting that CNK is essential for Ras signaling in vivo but precluding a detailed assessment of its requirements (21) . Based on its multidomain structure, CNK is proposed to function as an adaptor or scaffold. CNK is membrane-localized, binds Raf, and may promote Raf membrane localization (14, 21) . However, Drosophila CNK can promote signaling independently of its Raf interaction domain, and the Raf interaction domain may serve to inhibit Raf activation in the absence of signal (22) . Thus, the mechanism by which CNK promotes Raf activity is unclear. Overexpression studies of mammalian CNK1 and CNK2 suggest that CNK may have a more widespread role in signal transduction, including roles in the Rho and Ral GTPase signaling pathways (23) (24) (25) (26) (27) (28) .
Here, we describe a genetic analysis of the single CNK orthologue in C. elegans. Our studies show that CNK-1 promotes Raf activation at a step before Raf-activation-loop phosphorylation. Surprisingly, CNK-1 is not absolutely needed for Ras signaling but functions as an accessory factor similar to SUR-6 or SUR-8.
Materials and Methods

Molecular Analysis of cnk-1 and Isolation of the cnk-1(sv39) Deletion
Allele. The cnk-1 genomic structure was determined by sequencing cDNA clone yk1166a09 and RT-PCR products amplified from a cDNA library by using primers predicted from genomic DNA sequence. Our results differ from the WormBase (www. wormbase.org) prediction for R01H10.8 in several ways: (i) We find no evidence for the predicted exon between our exons 3 and 4, (ii) we identified an extra exon (exon 10), and (iii) we identified an in-frame ATG 15 nucleotide upstream of that predicted by WormBase (see GenBank Accession no. DQ104391). The cnk-1(sv39) allele was isolated by using PCR to screen a deletion library of mutagenized N2 worms, as described in ref. 16 , by using PCR primers CRo110͞CNK-1.FOR2 (5Ј-CCA AAC TAG CAT AAT GTT GT-3Ј) and CRo111͞CNK-1.REV.INNRE (5Ј-CCC AAT CAT CTT CAT CAT CT-3Ј). The cnk-1(ok836) allele was obtained from the C. elegans Gene Knockout Consortium. sv39 is a 1,983-bp deletion that removes three exons. However, the deleted region was detected by PCR and Southern blot of sv39, suggesting that part of the deleted region is present elsewhere in the genome (data not shown). An in-frame start codon is present downstream of the deletion breakpoint, at the beginning of exon 5. ok836 is a 2,143-bp deletion. PCR using This paper was submitted directly (Track II) to the PNAS office.
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primers internal to the deletions was used to confirm that the deleted region was, indeed, absent in the ok836 strain. RT-PCR analysis indicated that ok836 produces an mRNA that preserves the ORF. Both cnk-1 deletion alleles were outcrossed a minimum of six times against the wild-type N2 Bristol strain before analysis.
Genetics, Phenotype Analysis, and RNA Interference (RNAi). General methods for the handling and culturing of C. elegans were as described in ref. 29 . Experiments were performed at 20°C, unless otherwise noted. Vulval, lethal, and 2 P11.p phenotypes were scored, as described in ref. 30 . Multivulva (Muv) phenotypes were scored in L4 larvae by differential interference contrast optics. Animals with Ͼ3 vulval precursor cells (VPCs) induced were scored as Muv. RNAi was performed as described in ref. 31 . Double-stranded RNA was prepared by in vitro transcription with T7 and T3 polymerases by using a PCR-derived cnk-1 genomic template with primers oMS89 (5Ј-AAT TAA CCC TCA CTA AAG GGA TGG GAT TTC CGT CGA C-3Ј) and oMS90 (5Ј-GTA ATA CGA CTC ACT ATA GGG CCT AAC AAT TTG ACT-3Ј).
Generation of Transgenic Animals. Extrachromosomal array csEx63 was used as a source of hsp16-41-torso 4021 -Draf (Drosophila Raf) (G. Kao and M.S., unpublished data) and behaves identically to csEx64 (16) . hsp16-41-lin-45ED plasmid pCR33.1 was generated by cloning a PCR product amplified from plasmid lin-45ED (32) with primers CRo181 (5Ј-TTC ATG GCT AGC ACC ATG AGT CGG ATT AAT TTC AAA AAG TC-3Ј) and CRo182 (5Ј-TTC ATG CCA TGG CTA AAT GAG ACC ATA GAC ATT G-3Ј) into the NheI and NcoI sites of heat-shock vector pPD49.83. pCR33.1 was injected into N2 animals at 20 ng͞l with pTG96 (sur-5::gfp) (33) at 30 ng͞l and pBluescript at 50 ng͞l to yield transgenic strain csEx72.
Results
C. elegans has a single CNK orthologue, cnk-1 (Fig. 1) . We determined the coding sequence of cnk-1, predicted gene R01H10. 8 , and found that it differs from the WormBase prediction (see Materials and Methods). cnk-1 is predicted to encode an 801-aa protein containing sterile alpha motif (SAM), a conserved region in Cnk (CRIC), PSD-90͞Dlg͞ZO-1 (PDZ), and Pleckstrin homology (PH) domains shared among other members of the CNK family of proteins. CNK-1 does not appear to have a Raf inhibitory region (RIR) domain specific to Drosophila, and we cannot detect direct physical interactions between CNK-1 and LIN-45 RAF in the yeast two-hybrid system (data not shown). CNK-1 also lacks a conservedregion-among-chordate (CRAC) domain specific to mammalian CNK proteins (22) .
To determine whether cnk-1 is required for Ras signaling, we screened a C. elegans deletion library by PCR and isolated a single deletion allele sv39. In addition, we obtained a second deletion allele ok836 from the C. elegans Gene Knockout Consortium. Both deletions remove the most highly conserved regions of cnk-1, including the CRIC domain that has been shown to be essential for CNK function in Drosophila (21) (Fig. 1) .
In C. elegans, Ras signaling is required for a number of developmental processes, including specification of vulval cell fates, the excretory duct cell, and the P12 cell (34) . During vulval development, Ras signaling is required to induce three of six VPCs to undergo three rounds of division to produce the 22 cells that will form the vulva. Loss-of-function mutations in the Ras pathway result in a failure of the VPCs to be induced, causing a vulvaless (Vul) phenotype. Ras signaling is required in the excretory duct cell for viability (35) . Loss-of-function mutations in the Ras pathway cause a loss of the excretory duct cell fate, resulting in animals filling with fluid and dying in the first larval stage with a distinct ''rod-like'' appearance. Ras signaling is required for the P12 blast cell fate. Loss-of-function mutations in the Ras pathway cause P12 to adopt a fate similar to its neighbor P11, resulting in a loss of the P12.pa cell and duplication of P11.p. Animals homozygous for either cnk-1 deletion allele appear to be essentially wild-type and display little or no discernible Ras phenotypes (Fig. 2 A, C , and E and Table 1 ). We believe that both cnk-1 deletions are strong loss-of-function alleles. Although they could potentially produce partial protein products (see Materials and Methods), each would lack multiple conserved domains (Fig. 1) . Furthermore, cnk-1(RNAi) is similar to, and no more severe than, either deletion allele, and we find no phenotype enhancement when sv39 is placed in trans to a deficiency that removes cnk-1, and cnk-1 is a recessive modifier of other Ras pathway mutants (Table 1 and see below) . Thus, cnk-1 does not appear to be essential for Ras signaling in C. elegans.
Several previously described positive regulators of C. elegans Ras signaling, such as ksr-1, sur-6, and sur-8 have little or no Ras mutant phenotypes alone, but display strong Ras phenotypes in a genetically sensitized background (6, 7, 17, 18) . For example, some hypomorphic alleles of lin-45 raf do not display overt Ras phenotypes but are strongly enhanced by the removal of ksr-1 or sur-6 (7, 17, 30) . We find that both cnk-1 alleles strongly synergize with the hypomorphic allele lin-45(ku112). cnk-1; lin-45(ku112) animals display strong Ras phenotypes, including rod-like larval lethality, Vul, and 2 P11.p cell phenotypes (Fig.  2 B, D, and F cnk-1 displays synthetic phenotypes with lin-45, ksr-1 (18) , and sur-6(cs-24) is a hypomorphic allele (17) . n, number of animals scored. ND, no data. *1 animal had a shifted vulva resulting in Ͼ3 VPCs being induced. † cnk-1 (sv39) is linked to unc-119(e2498) and deficiency nDf40 is linked to dpy-18(e364); described in ref. 48 Statistical analysis is the same as that described in Table 1 . For epistasis with cnk-1(sv39), csEx63 (hsp16-41-torso4021-Draf) larvae were heat-shocked at 38.5°C for 45 min, 48 -50 h after egg-lay. For epistasis with cnk-1(ok836), csEx63 larvae were heat-shocked 30 -34 h after plating synchronized L1 larvae. The integrated transgene gals36 (E1F-D-mek, hs-mpk-1) was linked to him-5(e1490) (38, 48) . gals36-bearing animals were shifted from 20°C to 25°C, and progeny were scored for the Muv phenotype. gals36 may be sensitive to mutations upstream in the pathway because it is mildly suppressed by cnk-1(ok836) and lin- 45(sy96 During vulval development, only three of six VPCs are induced to make vulval tissue, but when Ras signaling is inappropriately activated in the VPCs, Ͼ3 VPCs can be induced, resulting in a Muv phenotype (34) . To determine where in the Ras pathway cnk-1 functions, we performed genetic epistasis, testing the ability of the cnk-1 deletions to suppress the Muv phenotype of different activated components of the Ras pathway. A gain-offunction allele of let-60 ras analogous to the oncogenic form of human Ras G13E induces a Muv phenotype (36, 37) . We find that cnk-1 significantly suppresses the Muv phenotype of let-60 ras gain-of-function, suggesting that cnk-1 is required downstream of let-60 ras (Table 2) . To determine where cnk-1 acts with respect to Raf, we tested the ability of cnk-1 to suppress the Muv phenotype caused by an activated DRaf chimera, Torso 4021 -DRaf. A transgene expressing activated torso 4021 -Draf under the control of the heat-shock promoter hsp16-41 induces a Muv phenotype (18) . cnk-1 fails to suppress the Muv phenotype of hs-torso 4021 -Draf, consistent with cnk-1 acting upstream or in parallel to Raf (Table 2 ). An integrated transgene, gaIs36, expressing both an activated version of Drosophila MEK and C. elegans mpk-1 ERK induces a potent Muv phenotype when grown at 25° (38) . cnk-1 fails to strongly suppress the Muv phenotype of gaIs36 (Table 2) . lin-1 encodes an ETS domain protein that acts downstream of the pathway to negatively regulate vulval induction (39) . We find that neither cnk-1 allele can suppress the Muv phenotype of a lin-1 loss-of-function mutant (Table 2 ). These data are consistent with CNK epistasis in Drosophila and place cnk-1 genetically between Ras and Raf.
Raf kinase activation is a complex multistep process requiring relief of autoinhibition by the Raf N terminus and changes in phosphorylation, membrane localization, Ras binding, and oligomerization (3) (4) (5) . The Torso 4021 -DRaf chimera typically used for epistasis experiments in both Drosophila and C. elegans likely bypasses most of these steps (40, 41) . This chimera consists of the extracellular and membrane-spanning domains of a constitutively dimerizing Torso receptor tyrosine kinase fused to a truncated DRaf missing the N-terminal Ras binding domain. The remaining C-terminal portion of Draf (containing the kinase domain) may escape autoinhibition and is predicted to be constitutively membrane-localized and oligomerized. Torso 4021 -Draf can signal independently of the SUR-6 PP2A subunit and the SUR-8, KSR-1, and CNK-1 scaffolds (8, 17, 18, 21) .
To better understand the proposed role of CNK in Raf activation, we used two more specific forms of activated C. elegans LIN-45 Raf. The first form, LIN-45(AA), lacks inhibitory phosphorylation sites in the N-terminal regulatory domain (32) (Fig. 3) . The analogous residues in mammalian Raf proteins serve as docking sites for the 14-3-3 chaperone, which inhibits translocation of Raf to the membrane (42) . Dephosphorylation of these inhibitory sites by PP2A is thought to be an early step in Raf activation (43) . The second form of activated LIN-45 Raf, LIN-45(ED), contains negatively charged residues that mimic activating phosphorylation within the activation loop of the kinase domain (32) (Fig. 3) . Phosphorylation of these activating sites by an unknown, membrane-localized kinase is thought to be a late step in Raf activation (43) . Both LIN-45(AA) and LIN-45(ED) mutants can induce a Muv phenotype, when expressed as a transgene (32) . We tested whether cnk-1 mutants could suppress the Muv phenotype of these differentially activated LIN-45 Raf constructs.
Whereas cnk-1 deletions were unable to suppress the Muv phenotype of hs-torso 4021 -Draf, both deletions readily suppress the Muv phenotype of hs-lin-45AA (Fig. 2 G and H and Table 3 ). This finding suggests that either CNK-1 is required downstream of LIN-45 Raf AA or, alternatively, that LIN-45 AA activity depends on upstream signaling components. We do not believe that LIN-45 AA depends on upstream signal, because a strong mutation in the let-23 receptor and a dominant-negative allele of let-60 ras (which are 85% and 100% Vul, respectively) fail to suppress the Muv phenotype of hs-lin-45AA (Table 3) . Because LIN-45AA still requires CNK-1 to elicit a Muv phenotype, it is unlikely that CNK-1 plays a role in dephosphorylation of the Raf regulatory domain.
LIN-45 ED replaces activating phosphorylation sites Thr 626 and Thr 629 with glutamic acid and aspartic acid, respectively, to mimic constitutive phosphorylation. LIN-45 ED likely functions analogously to the most common oncogenic B-Raf mutation V599E, which would correspond to Val 627 in LIN-45 Raf (2, 44) . We find that the cnk-1 deletions cannot suppress the Muv phenotype of hs-lin-45ED (Fig. 2 I and J and Table 3 ). Thus, Fig. 3 . Genetic epistasis data indicate that cnk-1 promotes Ras signaling at a step of Raf activation after dephosphorylation of inhibitory sites in the regulatory domain (Reg.) and before activating phosphorylation in the kinase domain. This placement is distinct from sur-8, which is required upstream of the dephosphorylation event (45) and ksr-1 and sur-6, which are required downstream of activating phosphorylation in the kinase domain. ksr-1 and sur-6 could also have additional, upstream requirements. Circled P, phosphate group. (29) Statictical analysis is the same as that described in Table 1 . Extrachromosomal array csEx52 was used as a source of hsp16-41-lin-45AA (16) . For epistasis with cnk-1(sv39), csEx52 larvae were heat-shocked at 37°C for 45 min 40.5-43.5 h after egg-lay. For others, csEx52 larvae were heat-shocked at 39°C for 45 min 28 h (30 with let-23) after plating synchronized L1 larvae. csEx72 (hsp16-41-lin-45ED) larvae were heat-shocked at 38.5°C for 45 min 31 h after plating synchronized L1 larvae. let-23(syl) is a strong hypomorphic allele, let-60(sy94) is a dominant negative allele, and dpy-20(e1282) was used to balance let-60 (48, 51) . n, number of animals scored. *P Ͻ 0.001. † Animals are Vul (see text). ‡ P Ͻ 0.05.
CNK-1 is not required after activating phosphorylation in the kinase domain. Together, these data suggest that CNK-1 promotes the activation of LIN-45 Raf after dephosphorylation of the inhibitory sites in the regulatory domain and before activating phosphorylation in the kinase domain (Fig. 3) (Table 3 ). These data are consistent with the model in which KSR-1 and SUR-6 promote the ability of active Raf to access its substrate MEK but cannot exclude the possibility that these gene products have additional, earlier functions. Overall, our data suggest that CNK-1 and SUR-8 promote distinct steps of Raf activation and are not required for a later, KSR-1-and SUR-6-dependent step of signaling (Fig. 3) .
Discussion
We have shown that C. elegans cnk-1 promotes Ras signaling in several different tissues during development. However, C. elegans cnk-1 does not appear to be an essential component of the Ras pathway. Our findings differ from those in Drosophila, where cnk appears to be essential for Ras signaling (14, 21) . Because there is only one CNK gene in C. elegans, this difference may be due to redundancy with a nonhomologous protein or reflect a difference in how Raf is activated in C. elegans versus Drosophila. Alternatively, the lethality of cnk-null cells may be masking significant nonrequirements for cnk in Drosophila. Knockouts of the three mammalian CNK genes have not yet been described and whether their requirements will resemble those of Drosophila or C. elegans remains to be determined.
In Drosophila, CNK has both positive and negative regulatory roles in Ras signaling (22) . Our genetic studies indicate that the primary role of C. elegans CNK-1 is to positively regulate Ras signaling. However, a potential negative role of CNK-1 is suggested by the observation that cnk-1 mutations somewhat enhance the Torso 4021 -DRaf Muv phenotype (Table 2 ). If CNK-1 were to play both positive and negative roles in Ras signaling, that dual function might help explain the mild phenotype caused by cnk-1 mutations.
We find no evidence to suggest that C. elegans cnk-1 functions outside of Ras signaling. In particular, we do not observe embryonic-lethality or cell-migration defects indicative of defects in rho-1 signaling (46, 47) . It is possible that alternative roles for cnk-1 may be detectable only in the right genetically sensitized background. Notably, however, both Drosophila and C. elegans CNK proteins are most similar to mammalian CNK2, which has been found to affect Ras signaling (24, 26) and less similar to mammalian CNK1, which has been found to affect Rho signaling (25, 27, 28) . It is possible that the multiple mammalian CNK proteins have evolved to serve different GTPase signaling pathways.
Interestingly, cnk-1 shows cell-type-specific genetic interactions with ksr-1 and sur-8. These genetic interactions may reflect differences in how signals are transmitted in different cell types and suggest that contributions of different scaffolds and adaptors might be one mechanism by which signaling specificity is achieved. The cnk-1 epistasis analysis with LIN-45 Raf AA and LIN-45 Raf ED shows that the role of cnk-1 is distinct from that of ksr-1, sur-6, and sur-8 and further narrows down the possible mechanisms by which CNK functions to regulate Raf activation. Our data argue against a role for CNK in Raf regulatory domain dephosphorylation but are consistent with models in which CNK promotes Raf membrane localization, oligomerization, or association with an activating kinase.
